•¬ where Km is the Michaelis constant and equal to (k-, +k+z)/k+l. These ideas and postulates were being developed even before the exact chemical nature of enzymes was known. There was preliminary evidence that enzymes might be proteins, but a big controversy developed about whether they were indeed proteins. Starting in 1918, the German chemist, Willstatler, had been engaged in a systematic study of the chemical nature of enzymes and had pub lished extensively on the purification of enzymes by pri marily using adsorbents such as cellulose and starch. The yields obtained were very small and the big differences between the measurement of enzyme activity relative to specific chemical tests for proteins and carbohydrates were not appreciated. Many of their most active enzyme preparations did not give a positive test for protein or car bohydrate and sometimes they gave a positive test for car bohydrates but not for proteins. Willstatler and his stu dents concluded that proteins and other colloidal sub stances were merely nonspecific adsorbents or carriers of the enzyme activity, which was a molecule of unknown chemical composition, belonging neither to the class of proteins, carbohydrates, or lipids.5)
The chemical nature of enzymes remained unknown for over 10-years. In 1926, J.B. Sumner reported the crystalli zation of the first enzyme, urease, from jack beans and showed that it was a protein and catalyzed the breakdown of urea to COZ and NH3. 6 zymes, ~3-amylase and glucoamylase is more problematic in that an SN2 mechanism would require a triple displace ment to obtain an inverted product. Yet, protein structure homology and evolutionary theory would suggest that the inverting enzymes would also form a covalent enzyme in termediate, similar to the retaining enzymes. Or put an other way, the exo-acting (inverting) enzymes should have a mechanism similar to the endo-acting (retaining) en zymes. Carboxylate base and carboxyl acid groups have been identified at the active sites of both the exo-and 5 for the mecha nism).
The polysaccharide synthesizing enzymes, dextransu Similar kinds of reactions take place for other ƒÀ-linked heteropolysaccharides of Salmonella ƒ--antigen polysac charide in which a heterotetrasaccharide is assembledd on bactoprenol pyrophosphate and transferred to the reducing end of a growing ƒ--antigen polysaccharide attached to bactoprenol pyrophosphate.69,70) Bacterial cell wall polysac charide, murein, is also synthesized in a similar manner in which IV acetyl-D-glucosamine (NAG) and N acetyl-Dmuramic acid (NAM) are joined together by a linkage and attached to bactoprenol pyrophosphate. The NAM-NAG unit is then transferred to the reducing-end of a growing poly-NAM-NAG chain by attack of the C-4-OH of NAM onto C 1 of NAG of the growing murein chain.71) Xanthan a cellulose analogue polysaccharide is also synthesized in the same manner in which a pentasac charide (D-mannose, D-glucuronic acid and D-mannose trisaccharide) attached to the reducing-end of cellobiose is built up on Bp-P-P and transferred to C1 of a growing xanthan chain attached to Bp-P-P.72) Conclusions and summary. In enzyme catalysis, the formation of covalent enzyme intermediates is indicated when (1) there is retention of an asymmetric configuration, (2) there are exchange reactions observed between reactants and products, (3) the enzyme catalyzes transfer (transglycosylation) reactions, (4) actual intermediates are stable and can be isolated, (5) reactive enzyme intermediates can be trapped and/or isolated by rapid denaturation of the enzyme during catalysis, and (6) reactive intermediates can be detected by some physi cal measurement, such as nuclear magnetic resonance.
But, why do enzymes form covalent intermediates in performing catalysis ? The majority of chemical substitution reactions occur by SN2 mechanisms in which a cova lent bond is formed with the first substrate reactant, fol lowed by a second reaction with another substrate reactant and the formation of the product. SN1 chemical reactions only occur when the resulting carbonium ion is highly stabilized by many resonance forms. With the SN2 reac tion and the formation of a covalent enzyme-intermediate, the reaction is divided into two partial reactions, which lowers the activation energy as shown in Fig. 7 . The overall enzyme catalyzed reaction requires the formation of a ternary complex in which the enzyme, the first sub strate, and the second substrate must all be aligned at one time. The SN2, double displacement mechanism, however, only requires the alignment of two things at a time. This, thus, gives the SN2 mechanism an entropic advantage over the SN1, single displacement mechanism. Further, in a single displacement reaction, after alignment, the en zyme must then somehow induce catalysis or reaction be tween the substrates to give products. With the double displacement mechanism, the formation of a covalent enzymeintermediate provides a relatively stable, but high enough energy species (intermediate) that can readily re act with the second substrate to give the product.
With carbohydrate enzymes that break or make gly cosidic linkages, the formation of an oxycarbonium ion would give a species that is very unstable. This species could not provide for 100% retention or 100% inversion of the anomeric carbon, necessary to give the observed configuration of the product. No known enzyme catalyzed reaction gives racemization of an asymmetric optical cen ter.
In summary, studies in the 20th Century on several dif ferent carbohydrate enzymes show that enzymes catalyze reactions by first forming an enzyme-substrate complex. This complex is formed by the interaction of the substrate with specific groups in the binding-site of the active site, as a key would specifically fit into its own lock, thus im parting specificity to the enzyme. After the formation of the ES complex, a catalytic nucleophile at the active site attacks the substrate by an SN2 reaction, giving a covalent intermediate, simultaneously displacing a group from the substrate that is protonated by a second acidic catalytic group. The covalent intermediate has sufficient energy so that a second substrate reactant can readily displace the nucleophile, completing the reaction, giving a product with retention of the configuration, where an optical, asymmetric center is involved, and regenerating the nu cleophile and the acid catalytic groups for the next reac tion. Several 5N2-type mechanisms are given in Figs. 2-6 for different carbohydrate enzyme catalyzed reactions.
